The effect of sonochemical reactors (SCR) technology upon the degradation of reactive yellow dye has been studied and reported here. Sonochemical reactors (ultrasound irradiation) produce strong cavitation in aqueous solution causing shock wave and reactive free radicals by the violent collapse of the cavitation bubble. These effects should contribute to destruction as well as the decomposition of dyes. This research investigated the effi cacy of sonochemical reactors for decolourizing reactive yellow dyes in aqueous solution. In this research, the infl uence of concentration, frequency, treatment time, and reactor power on the dye decomposition were investigated. The results obtained from the study carried out have shown that SCR can be used effectively for degradation of reactive yellow dyes. The results suggested sonochemical reactors provided maximum destruction, and 120 min treatment time at 130 kHz and 500 W were the most effective for the maximum degradation of reactive yellow dye.
Introduction
In the case of the textile industry, reactive or direct dyes prevail; there is also a large percentage of dispersed dyes. The colour in the water strongly absorbs sunlight, which decreases the intensity of its assimilation by water plants and phytoplankton and reduces the self-purifi cation capacity of water reservoirs. Also, dyes used in the textile industry may be toxic to organisms living in the surface water, and cannot be naturally biodegraded (Trotman 1975; Hunger 2003) .
Reactive dyes are commonly used on cotton as they have good wet-fastness, which depends on converting soluble substances into relatively insoluble compounds in the fi ber. Reactive dyes have complicated chemical structures, including organic ring forms with colourgiving double bonds. Typical of reactive dyes is the formation of a stable covalent bond between the hydroxyl groups of the cellulose fi bers and the reactive groups of the dye (Hendrickx and Boardman 1995; Jiraratananon et al. 2000; Chakraborty et al. 2003) .
The traditional technologies for degradation of dye from effl uent are the use of activated carbon, fi ltration, coagulation, and ozone. Each technology has advantages and disadvantages. For example, the use of activated carbon is technically easy but has a high waste disposal cost. But conventional fi ltration technology will allow for the passage of pure water, and low-molar-mass dyes. Coagulation and sedimentation technology, such as using ferric salts, lime, or alum, is also a low-cost process. However, disposal of the sludge produced is a concern. The ozonation process has a high treatment cost. Also, there are a large number of advanced oxidation processes currently being investigated, which use a sonochemical reactor alone and in combination with ozone or hydrogen peroxide (Hart et al. 1990; Petrier et al. 1992; Stanislaw et al. 2001; Zhou and Smith 2002) .
Sonochemical reactor technology is relatively new, and it is simple to use. The technology exposes aqueous solutions containing the organic compounds to ultrasound. The ultrasound wave is possible to improve effectiveness of process compared with the traditional technology by the effect of cavitation. Liquids irradiated with ultrasound can produce bubbles. Once formed, small gas bubbles irradiated with ultrasound will absorb energy from the sound waves and grow. The collapse of these bubbles spawn extreme conditions such as very high temperatures (10,000K) and pressures (up to 10,000 atm), which in turn lead to the dissociation of H 2 O and the production of ˙OH, HOO˙. A local high amount of OH radicals exists at the interface zone of the collapsing bubbles, and then oxidative destruction of the reactive yellow dye quickly occurs by the reaction with OH radicals in this zone. On the other hand, the amount of OH radicals is very high at the effective reaction zone after the bubbles collapse (Thakore 1990; Suslick 1994; Laborde and Bouyer 1998; Okitsu et al. 2005) .
The major objective of this study was to investigate and apply sonochemical reactors as a novel treatment technology for degradation of dye from aqueous solution.
Materials and Methods

Apparatus and Procedure
The water solutions of the reactive yellow dye were analyzed by a spectrophotometric method. This method is applicable to potable and surface waters and to wastewater, both domestic and industrial. Measurements were made using a spectrophotometer in the wavelength range at 455 nm by the use of an ultraviolet-visible apparatus (Lambada 25 Perkin Elmer, Sheltom). The fi ltration system consisted of the following: fi ltration fl asks, 250 mL, with side tubes; Walter crucible holder; fi lter aid; glass gooch fi ltering crucible with fritted disk, pore size 40 to 60 micron; and a vacuum apparatus.
An optimal pH was necessary because of the variation of colour with pH. Excessive quantities of suspended materials were removed by centrifuging. Each sample was treated separately, as follows: thoroughly mixed 0.1 g of fi lter aid in a 10-mL portion of centrifuged sample and fi ltered it to form a precoat in the fi lter crucible; directed fi ltrate to a waste fl ask; mixed 40 mg of fi lter aid in a 35-mL portion of centrifuged sample; with the vacuum still on, fi ltered through the precoat and passed fi ltrate to a waste fl ask until clear; then directed clear-fi ltrate fl ow to clean fl ask by means of the three-way stopcock and collected 25 mL for the transmittance determination.
Determination of light transmission characteristics was as follows: thoroughly cleaned 1-cm absorption cells with detergent and rinsed with distilled water; rinsed twice with fi ltered sample; cleaned external surface with lens paper; fi lled cell with fi ltered sample; set instrument to read 100% transmittance on the distilled water blank; and made all determinations with a narrow spectra band.
Reactive dye was dissolved in water to provide an initial absorbance. Aqueous solutions of dye were prepared to give initial concentrations having 1, 2, 3, 4, and 5 mg/L.
Sonochemical Reactor Set-Up
Sonochemical degradation was carried out in a stainless steel reactor, which was operated at 155 and 500 W with an ultrasound generator (Elma TI-H-5, Germany) equipped with two piezoelectric transducers (5-cm diameter) fi xed at the bottom of the vessel (Fig. 1) . The frequencies of the ultrasound waves generated were 35, 42, and 130 kHz. The reaction temperature was controlled with the help of condensation water surrounding the reactor bath. The characteristics of the reactor are listed in Table 1 . All the analyses were performed according to the procedures outlined in standard methods (APHA 1995).
Calculation Method
The defi nition of reactive yellow dye degradation effi ciency is as follows: R = (C 0 -C t )/C 0 × 100, where R (%) is the degradation effi ciency of the sonochemical reactor (SCR), C 0 is the initial concentration of reactive yellow dye (mg/L), and C t is the concentration of reactive yellow dye (mg/L) after reaction for (t) time.
Statistical Analyses
The effect of using SCR technology on the degradation of the reactive dye was analyzed statistically by using SPSS 11.5. The variables were initial concentration, treatment time, frequency, and power. Statistical analyses were carried out using Pearson correlation (Table 2) and multiple linear regression (Table 3 ). The statistical analyses showed that there were linear relationships between degradation ratio, treatment time, and concentration as shown Table 3 .
Results
Aqueous solutions of reactive yellow dyes were sonicated in a batch reactor for different concentrations, power, frequencies, and times. During the sonodegradation, the concentrations of reactive yellow dye were determined and the ultraviolet absorption spectra of the aqueous solution of reactive yellow dye were measured. In order to observe the relative effects of an operation parameter on the reactive yellow dye degradation rate during treatment, initial dye concentrations were adjusted to 1, 2, 3, 4, and 5 mg/L before treatment, and aqueous dye concentrations were monitored at various intervals (Table 4) .
Discussion
Effect of Concentration
The effect of the concentration of reactive dye used on the rate of treatment was examined. The effect of the initial reactive concentration on removal is shown in Table 5 ; different initial reactive concentrations resulted in different removal ratios. The degradation ratio increased with increasing initial reactive concentrations in the range of 1 to 5 mg/L under sonication as shown in Table 2 . As expected, the degradation rate is the fastest for the highest dye concentration (5 mg/L) applied, and the degradation rate is the lowest for the lowest dye concentration (1 mg/L) applied, equal to 4.05 and 0.91 mg/L, respectively (p value < 0.001, r = 0.394). On the other hand, correlation is signifi cant at the 0.01 level.
As shown in Tables 6 and 7 , when initial concentrations were 2 and 5 mg/L, the removal amounts were 0.96 and 1.25 mg/L (42 kHz, 155 W), and the removal amounts were 0.64 and 0.70 mg/L (35 kHz, 500 W) after 120 min, respectively. Clearly, the rate of treatment is high in the presence of high concentrations of dye. On the other hand, the increase of dye concentration in the solutions signifi cantly increased the rate of dye destruction after 120 min.
Effect of Treatment Time
The effect of treatment time on the degradation of reactive dyes was shown in Table 5 . Statistical analyses showed that the degradation ratio increased with increasing treatment time (p value < 0.001, r = 0.483), as shown in Table 2 . On the other hand, correlation is signifi cant at the 0.01 level. The removal amount of dyes in the range of 1 to 5 mg/L was 0.91, 1.80, 2.67, 3.40, and 4 .05 mg/L under ultrasonication during 120 min at 130 kHz and 500 W.
However, removal amount of reactive dye in the range of 2 and 5 mg/L was 0.96 and 1.25 mg/L during 120 min at 42 kHz and 155 W. Also, the removal amount was 0.64 and 0.70 mg/L during 120 min at 35 kHz and 500 W. This study shows that treatment time is one of the most important parameters in determining the degradation ratio. The results indicated that the degradation ratio of reactive yellow dye with SCR was higher during the 120 min reaction. With an increase in the treatment time, a growing degree of solution decolouration was observed.
Effect of Power and Frequency
The effect of power on dye degradation was also studied, and it was found that the sonodegradation percentage using SCR was almost variable at different powers (500 and 155 W). Comparison of the reactive yellow dye degradation ratio at various frequencies and power was estimated, and effi ciencies are presented in Tables 6 and  7 ; within 42 kHz and 155 W of treatment (120 min), the removal amount was 0.79 and 1.25 mg/L, respectively. Within the 35 kHz and 500 W treatment (120 min), removal amount was 0.64 and 0.70 mg/L, respectively.
The decolouration rate is the highest at the highest applied ultrasound frequency (130 kHz), (p value < 0.001, r = 0.554). On the other hand, correlation is signifi cant at the 0.01 level, as shown in Table 2 .
Finally, according to Table 3 
